Introduction
Diffusion tensor imaging (DTI) is an emerging method for imaging tissue. It is an enhancement of the basic principals of magnetic resonance imaging (MRI) and has been in use since 1990 for imaging structures of white matter in the central nervous system [1, 2] , and since 1995 for imaging peripheral myoarchitecture such as the heart [3] , the calf [4] and the tongue [5] in the in vivo human.
The tongue has a very complex myoarchitecture consisting of extrinsic and intrinsic muscles, which control the various oral functions of mastication, swallowing, and articulation. Extrinsic muscles (e.g., genioglossus (GG), hyoglossus, styloglossus (SG) and palatoglossus) have bony origins; their fibers course in many directions within the tongue before inserting into the tongue. Intrinsic muscles (superior longitudinalis, verticalis, transverses, and inferior longitudinalis (IL)), on the other hand, originate, course, and insert within the tongue. The IL and SG muscles are addressed in this paper because it plays an important role in controlling precise tongue tip and body retraction [6] .
DTI uses changes in the MRI signal caused by the Brownian motion, or diffusion, of water molecules within a tissue. Cell membranes restrict water diffusion thereby yielding an orientation dependent (i.e., anisotropic) signal property, which is modeled by a three-dimensional (3D) tensor. Tractography [7] [8] [9] is component postprocessing technique that tracks fiber orientation given a 3D array of diffusion tensors. It enables non-invasive 3D depiction of fiber structure orientation. The principal eigenvector is assumed to correspond to the predominant fiber orientation and connected fiber regions are discovered by following the orientation of one voxel to the next and tracking connected voxels throughout the image volume. Each fiber trajectory can be rendered in 3D and colored to indicate its local orientation (see Fig. 1 ).
Methods such as electropalatography (EPG) [10] , X-ray cineradiography [11] , ultrasound [12] , and cine-MRI [13] have been used to visualize tongue surface movements during oral functions [14, 15] . Additionally, both histology and anatomy [16, 17] have clarified the interdigitation of the tongue muscles ex vivo. However, the orientation and deformation of tongue muscle bundles are not well defined in vivo. The purpose of this study was to depict tongue muscle fiber deformation in vivo, especially IL and SG muscle fibers during both rest and tongue protrusion with oral appliances.
Material and methods
Two healthy adult volunteers (1 female and 1 male) with no history of oral diseases or other medical conditions participated in the study. Informed consent, which explained all the experiment procedures, was obtained from each subject. This study had approval from the Humans Research Protections Office of the University of Maryland, School of Medicine, Baltimore, U.S.A.
Measurements were performed with a 1.5T MR machine (Magnetom Avanto, Siemens, Erlangen, Germany). A head and neck coil was used to obtain the DTI data. Axial slices (23 slices for subject 1 and 28 slices for subject 2) were localized to parallel the mandibular surface and to cover the whole tongue of each subject.
The DTI data were acquired using a spin-echo echo planar imaging (EPI) technique with diffusion weighting applied along 6 directions, a b-value of 500 s/mm 2 , and 4 averages [5, 18] . Using a b-value much lower than is customary in DTI imaging of white matter was critical to achieving high quality DTI in the tongue. Other imaging parameters included a field of view (FOV) of 200 Â 200 mm, a slice thickness of 3 mm, TR of 5,000 ms, TE of 66 ms, voxel size of 3:1 Â 3:1 Â 3:0 mm, and matrix size of 64 Â 64. Diffusion gradients were applied with a twice-refocused spin echo scheme to reduce eddy currents. GRAPPA parallel imaging was used with an acceleration factor of 2. DTI images were taken during both rest and tongue protrusion and each acquisition time was about 3 minutes.
Additionally, high resolution spin-echo T2 weighted axial images as reference images were also taken for both conditions (i.e., rest and tongue protrusion) with the following parameters: FOV ¼ 160 Â 160 mm, slice thickness = 3 mm, TR ¼ 3;000 ms, TE ¼ 99 ms, voxel size = 0:8 Â 0:6 Â 3:0 mm, and matrix size = 256 Â 256. The axial slices were localized to match in the numbers (i.e., 23 slices for subject 1 and 28 slices for subject 2), thickness (i.e., 3 mm), and position (i.e., parallel to the mandibular surface) to the DT slices.
During tongue protrusion, each subject had a customfabricated oral appliance (Fig. 2) , which is often used for obstructive sleep apnea patients. Before the experiments, the subjects had silicone impressions to transfer the tongue protrusion shape accurately to the plaster cast. The oral appliances were made of a flexible polyvinyl material (Raintree ESSIX, Metairie, LA), using the plaster cast. In this study, each appliance was further modified by drilling a hole with a diameter of about 10 mm (see Fig. 2 ) for suctioning saliva, and creating a vacuum to fixate the tongue. The appliance also fixed the jaws during the MRI acquisitions because it was attached to the upper and lower teeth by dental adhesive before the scanning, which further reduced motion.
The DTI data analysis and tractography were performed using dTV-II implemented in VOLUME-ONE software, which was provided by the VOLUME-ONE development group (University of Tokyo, http://ut-radiology.umin.jp). The threshold for the tractography was set at fractional anisotrophy (FA) > 0:18 [2, 5] . Figure 3 shows the high resolution T2 mid-sagittal images during rest (A) and tongue protrusion (B) in subject 1. The tongue shape differences between the two conditions were confirmed clearly, as were differences in locations of muscle masses. Especially, the tip and surface of the tongue during tongue protrusion were different from those at rest. The tip was pulled forward and there was clearance between the palate and surface of the tongue during tongue protrusion with oral appliances.
Results
Tongue muscle fiber interdigitation at rest is shown in Fig. 4 . Figure 4B is a high resolution T2 coronal image of the head with the tongue circled (yellow). To extract muscle fibers in DTI, a region of bundled fibers must be known. The high resolution T2 image was used to manually identify regions of interest (ROIs) including GG, MH, and IL plus SG bundled fibers (see Fig. 4A ). Figures 4C and E show coronal and oblique views, respectively, of the fibers that were independently tracked from these manually identified regions. The IL and SG muscle fibers are shown in green course horizontally (anterior-posterior) at both sides of the tongue (Figs. 4C and E) . GG is shown in blue (vertical) and green (horizontal), because it has a fan-shaped fiber orientation. Mylohyoid (MH) is shown in red, purple, and blue at the bottom of the tongue. MH muscle fibers course laterally at the bottom of the tongue like the arc of a circle (Fig. 4E) .
Comparisons were made between rest and tongue protrusion for IL and SG, as shown in axial slices in Fig. 5 . Red lines represent the mandible. At rest (A), the IL and SG muscle fibers exhibited its characteristic anterior-posterior fiber orientation, and also a V-shape configuration which is narrower anteriorly. IL and SG was more stretched anteriorly, increased in length, and had a more constant width during protrusion (Fig. 5B ).
Discussion
It is difficult to maintain still tongue protrusion during MRI acquisitions. Motion artifacts due to swallowing and 2 The oral appliance is modified by drilling a hole on the inferior surface at the anterior tongue (white arrow). A vacuum hose is connected to the hole, thereby immobilizing the tongue and extracting saliva during MRI acquisitions. Fig. 3 High resolution T2 sagittal images at rest (A) and tongue protrusion with an oral appliance (B) in subject 1. The white arrow indicates the location of the vacuum hose.
A B
small motion during tongue protrusion were reduced by using the oral appliance with a hole for suctioning saliva and creating a vacuum to fixate the tongue (Fig. 2) . This was a technical advantage for this study. The interdigitation of the tongue muscle fibers in the in vivo human was depicted well with DTI tractography, and the result was consistent with previous studies [5, 16, 17] . Identification of GG, MH, and IL was facilitated by their anatomy: they have bundled regions and they are located at the center or bottom of the tongue, which minimizes the geometric artifact caused by saliva and air.
In the study, we could not segregate IL and SG muscle fibers completely because they are adjacent. However, the deformation of IL and SG muscle fibers was depicted distinctly between rest and tongue protrusion with oral appliances. Protrusion caused stretch in IL and SG: it was thinner, longer, more parallel, and more anterior. This finding suggests that DTI has the potential to extract fiber orientation not only for muscle structure, but also for muscle deformation in the in vivo human tongue.
In conclusion, tongue muscle fibers were depicted in vivo during both rest and tongue protrusion with oral appliances. It might be possible to visualize tongue muscle fiber deformation during oral functions such as speech. Further studies for the deformation in the in vivo human tongue are needed for tracking the fiber orientation more clearly and precisely.
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Fig. 5 Axial slices at rest (A) and tongue protrusion (B).
During tongue protrusion with an oral appliance, the inferior longitudinalis (IL) and styloglossus (SG) muscles are longer, thinner, and more parallel. The red dashed lines are the mandibular bones and serve as landmarks to compare muscle fiber orientation between the two conditions. The selected slice thickness for the muscle fiber tracking is 15 mm in each condition and the locations are shown in the coronal images below.
